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Human embryonic stem cells (ESCs) and induced pluripotent stem cells (iPSCs) can provide sources for
. midbrain dopaminergic (mDA) neural progenitors (NPCs) for cell therapy to treat Parkinson’s disease
. (PD) patients. However, the well-known line-to-cell line variability in the differentiation capacity of
. individual cell lines needs to be improved for the success of this therapy. To address this issue, we sought
. toidentify mDA NPC specific cell surface markers for fluorescence activated cell sorting (FACS). Through
© RNA isolation after sorting for NPCs based on staining for cell-specific transcription factors followed by
. microarray, we identified two positive cell surface markers (CORIN and CD166) and one negative cell
. surface marker (CXCR4) for mDA NPC sorting. These three markers can enrich floor plate NPCs to 90%
. purity, and the sorted NPCs more efficiently differentiate to mature dopaminergic neurons compared to
. unsorted or CORIN* alone mDA NPCs. This surface marker identification strategy can be used broadly
. to facilitate isolation of cell subtypes of interest from heterogeneous cultures.

. Parkinson’s disease (PD) is characterized by the specific loss of substantia nigra (A9-subtype) mDA neurons,
. and cell replacement therapy is considered a suitable treatment to replace the lost neurons. However, initial cell
© transplantation attempts using fetal midbrain sources were compromised by the lack of standardized tissue prepa-
© ration procedures leading to variable clinical outcomes among transplant recipients'. Recent successes with in
- vitro differentiation of mDA neurons from human ESCs and iPSCs have revived the possibility of cell replacement
. therapy?, but the underlying problems of cell heterogeneity and variability still remain. In this study, we present
. anovel method to identify the cell surface proteome of human iPSC-derived mDA NPCs. Using this method,
. which involves initial genome-wide profiling of intracellularly-labelled LMX1*FOXA2" mDA NPCs, we were
- able to obtain a population of mDA NPCs with up to 90% purity. This approach is also widely applicable to other
. cell types of interest where robust intracellular markers exist, but surface antigens for cell purification remain
. unknown.

Results
: Midbrain dopaminergic neurons are efficiently generated in suspension culture. To generate
© mDA NPCs from iPS cells, we optimized two previously published protocols®>* (Fig. 1A). In our modified pro-
. tocol, by day 14 of the differentiation, the cells expressed the mDA NPC markers, FOXA2, OTX2, and LMX1
© (Fig. 1B). On day 21, we saw the co-expression of FOXA2/LMX1 and LMX1/Nurrl (Supplementary Fig. S1). By
. day 42, cells expressed mDA neuron markers including TH, EN1 and the A9-subtype marker, GIRK2 (Fig. 1B
- and Supplementary Fig. S1). This method of differentiation was applied across three wild-type iPSC lines: 1016a,
. 18a, and BJ-riPS, but yielded different final percentages of TH™ neurons at day 40 (1016a 14%, 18a 45%, and
© BJ-RiPS 19%). Such variability is commonly observed when differentiating neurons from multiple iPSC lines*

(Supplementary Fig. S2).
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Figure 1. mDA differentiation protocol yields mDA NPCs at day 14 and mDA neurons at day 42. (A) mDA
differentiation scheme. After dissociation, iPS cells were kept in suspension culture for 21 days. In the first 14 days,
cells were induced with DM (Dorsomorphin), SB431542, SAg 1.3 (Smoothened agonist), Pur (Purmorphamine), and
CHIR99021. From day 14 through day 21, cells were differentiated in the neuronal differentiation medium containing
BDNE GDNE dbcAMP, Ascorbic acid, and DAPT. From day 21, cells were further differentiated in the terminal
differentiation medium containing BDNE GDNE, dbcAMP, Ascorbic acid, and Ara-C. (B) Immunostaining of day
14 (top two rows) and day 42 (bottom two rows) 18a cells. (C) The mean concentration (pg/ml) of dopamine released
by day 0 cells and day 42 18a cells. (D) Phase contrast image showing human iPSC 18a-derived dopaminergic neuron
cultures after 1 month adherent culture. Arrowhead points to a recorded cell. (E) Representative traces showing
whole-cell voltage-gated Na* and K* currents recorded in human iPSC 18a-derived dopaminergic neuron culture.
(F) Representative traces showing responses to GABA and AMPA (100 representative traces each) (G) Representative
traces showing spontaneous action potentials. The resting membrane potential was —50 mV.
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To establish that our cultured mDA cells were functional, the release of dopamine was confirmed using ELISA.
In line with previous measurements of derived DA neurons, our cells released 800 pg/ml of dopamine in 48 hour
conditioned media® (Fig. 1C). Next, we applied whole-cell patch-clamp recordings to examine the electrophys-
iological properties of these cells (Fig. 1D-G). All recorded cells (n = 11) showed typical voltage-gated Na* and
K* currents (Fig. 1E) and responded to both major inhibitor and excitatory neurotransmitters (n = >5; Fig. 1F).
A subset of cells (3 out of 11) fired repetitive action potentials spontaneously (Fig. 1G), which is characteristic of
mature DA neurons. Our electrophysiology results are comparable to those obtained by others®3. These results
indicate that iPSCs successfully differentiated into mDA neurons with the modified protocol, thereby indicating
the presence of functional mDA NPCs in our culture.

Identification of putative mDA NPC - specific surface markers. As shown in Fig. 1B, in vitro dif-
ferentiation of iPSCs gave rise to FOXA2" cells by day 14. We noted that there was cell line-to-cell line and
batch-to-batch variation in differentiation efficiency, which has also been reported by others (Supplementary
Fig. $2)*. To enrich our mDA cultures and close the efficiency gap between batches/lines, we chose to search
for NPC-specific surface markers to increase the percentage of LMX1"FOXA2" cells. We reasoned that these
markers might be identified at the mRNA level, and thus we conducted gene expression profiling using a
microarray approach. Using the MARIS (Method for Analyzing RNA following Intracellular Sorting) approach
for which dissociated single cells were fixed, permeabilized and labelled with antibodies recognizing the tran-
scription factors LMX1 and FOX A2, we eliminated the need to have reporter cell lines*! (Fig. 2A). Using the
18a iPSC line, we sorted LMX17FOXA2" day 14 cells by MARIS-FACS. To generate the needed large number
of LMX1'FOXA2" cells, we used dual SMAD inhibition to create a similar (forebrain) pool of progenitors to use
as the negative control population (Fig. 1A, Supplementary Fig. $3). Comparison of mRNA expression levels
between LMX17FOXA2* and LMX1" FOXA2" cells revealed 530 differentially-regulated genes (278 up-regulated,
252 down-regulated) in the LMX1*FOXA2" population (fold change > 2.0, false discovery rate < 0.05,
Supplemental Table 1). The differentially-regulated gene list was enriched with classical mDA genes such as
FOXA1, FOXA2, LMX1la, and LMX1b, confirming the success of this procedure (Supplemental Table 2). We then
used Gene Ontology (GO) analysis!! to discover a putative surface marker gene list. The GO analysis revealed
41 up-regulated (14.7%) and 26 down-regulated genes (10.3%) that were associated with the plasma membrane
(Supplemental Table 2). In the top hits, CORIN and CD47, have been confirmed by others to be expressed in
mDA NPCs and have been used to enrich for mDA NPCs!>13. This suggested that our approach using MARIS to
identify cell surface markers might be both viable and successful. Because CORIN™ sorting alone does not give a
pure mDA NPC population', we decided to introduce additional sorting parameters by focusing on other surface
markers from our microarray hit list. Based on the fold change seen in the microarray data and the availability
of FACS-compatible antibodies, we subsequently validated via QPCR 6 surface markers in addition to CORIN,
namely BCAM, CD63, CD47, SORT1, CD166 (ALCAM) and CXCR4 (Fig. 2b and c). These markers were verified
by qPCR in a different cell line, BJ-RiPS, than the one used for the microarray, 18a, to confirm that microarray
results were not cell line specific.

Interestingly, CXCR4 has been shown to be an important surface marker for the proper migration of dopa-
minergic neurons in mouse models; yet, it is down regulated in our day 14 human iPSC-derived mDA NPCs.'>!6
To investigate this, we stained iPS cells for CXCR4 and looked at the CXCR4 transcript level over the course of
their differentiation. We found by qPCR and immunostaining that the expression level of CXCR4 increased over
time (Supplemental Fig. S4). We believe that at day 14 of our differentiation it is a negative marker of NPCs as
evidenced by the CXCR4  population being enriched for FOXA2" cells (Fig. 3A) but is re-expressed in mature
DA neurons. Additionally, the low expression of CXCR4 in the DA progenitor pool is consistent with published
data in the developing mouse brain.'®

FACS antibody screening identifies a specific surface marker code for mDA NPCs. To test the
ability of our identified putative surface markers to isolate mDA NPCs, we conducted a mini-FACS screen with
our 18a mDA NPCs at day 14 of differentiation. The day 14 cells were incubated with antibodies labelling each
of the 7 putative surface markers and purified using FACS. After FACS sorting, both the positive and negative
populations were plated and counterstained with a FOXA2 antibody (Fig. 3A). This assay showed that CORIN™
and CD1667 cells, our top two hits from the microarray, had a higher percentage of FOXA2" cells (82% and 83%)
compared to the unsorted cells (59%). The CXCR4" population was also enriched with FOXA2* cells (66%), as
expected from its low mRNA expression in the day 14 microarray results. On the other hand, two other antibod-
ies (CD47 and SORT1) did not enrich for FOXA2* cells even though these surface markers labelled some cells
by FACS (Fig. 3A, Supplementary Fig. S5). The identified markers BCAM and CD63 labeled few cells by FACS
(Supplementary Fig. S5). One reason for this is that BCAM, CD63, CD47 and SORT1 had relatively smaller
mRNA expression fold changes compared to CORIN and CD166 (Fig. 2B), and such fold change values may
translate into insignificant changes at the level of surface protein expression. Additionally, the microarray differ-
ences were calculated from a population of control cells (LMX1/FOXA2") that may not exist in large numbers in
the starting heterogeneous DA NPC culture.

Next, we assessed whether combinations of CORIN, CD166 and CXCR4 could further enrich for mDA
NPCs across multiple iPS-derived NPCs. We examined NPCs derived from four independent wildtype iPSCs,
1016A, 15b, 18a and BJ-RiPS"7~*°. To do this, we stained the day 14 cells with all three antibodies, and purified
the CXCR4 CORIN*CD166" populations (Fig. 3B). We then analyzed the FOXA2 expression of these isolated
cells. From this assay, we saw that CXCR4 CORINTCD166" cells were enriched in FOXA2" cells across all four
iPS-derived NPCs (Fig. 3C). Remarkably, these three antibodies worked well even in the BJ-RiPS cell line that had
poor differentiation efficiency (unsorted had only 25% FOXAZ2 + cells, Fig. 3C). In BJ-RiPS-derived NPCs, the
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Figure 2. Identification of putative surface markers of mDA NPCs. (A) Schematic of method. Using the 18a line,
sample (top) was prepared by mDA induction medium for 14 days, and control (bottom) was induced in dual
SMAD medium for 14 days. Both groups were incubated with LMX1 and FOXA2 antibodies and FACS purified.
The resulting LMX1"FOXA2" (sample) and LMX1 FOXA2" (control) populations were then processed through
microarray to obtain the gene list. (B) The list of putative surface marker genes. The detailed list obtained through
GO analysis can be found in the supplemental data. (C) Confirmation of RNA expression level of putative surface
marker genes through qRT-PCR following MARIS. Following the 14 day-differentiation of BJ-RiPS, cells were
fixed, stained with LMX1 and FOX A2 antibodies. These cells were then FACS purified into LMX1" FOXA2" and
LMX1"FOXA2" populations. The bar graph shows the relative expression of each putative surface marker gene in
the LMX1*FOXA2" population compared to the LMX1"'FOXA2 population. (n=2)

triple antibody combination performed much better compared to CORIN antibody alone in terms of FOXA21%
(75% vs. 61%) (Fig. 3C and D).

Finally, we asked whether the sorted day 14 cells can efficiently generate mDA neurons upon further differ-
entiation in vitro. To do this, we sorted CXCR4 CORINTCD166% NPCs on differentiation day 14, differentiated
them in suspension culture for an additional 7 days, then kept them attached in Matrigel-coated plates for 21 days
further. At day 42 in the BJ-RiPS, immunostaining showed that CXCR4 CORIN*CD166" cells more efficiently
gave rise to TH* cells (37%) compared to either unsorted (18%) or CORIN™ (26%) cells (Fig. 3E and F). The
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Figure 3. The use of CXCR4 CORINTCD166™ markers for enrichment of mDA NPCs. (A) Identification

of mDA NPC surface markers by single antibody sorting. Day 14 BJ-RiPS cells were stained with antibodies
corresponding to the putative surface marker genes shown in Fig. 2B. After staining, cells were FACS purified
into positive and negative populations, and stained with FOXA2. n=3, *(p < 0.05). White bar =50 um. (B)
CXCR4 CORIN*CD166" FACS purification scheme. (C) FOXA2*% quantification comparison between
unsorted, CORIN™, and triple (CXCR4 CORIN*CD166") cells from 1016A, 15b, 18a, and BJ-RiPS-derived
NPCs. N.S. (Non-significant), *(p < 0.05) and **(p < 0.005) using t-test (n=3). (D) Representative photos of
BJ-RiPS-derived NPCs from Fig. 3C. White bar =50 um. (E) Representative photos from in vitro differentiation
following the FACS purification. The BJ-RiPS cells were fixed at day 42 and stained with antibodies against
MAP2, TH, and DAPI. White bar =50 um. (F) Quantification of Fig. 3E. Using t-test, n=3, *(p < 0.05). Error
bars represent SEM.
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increase in TH" % at day 42 was also seen across lines 18a (unsorted 46%, sorted 60%) and 1016a (unsorted 14%,
sorted 31%) (Supplementary Fig. S2). This result demonstrates that the specific surface protein profile that we
identified marks a more homogeneous pool of mDA NPCs that are capable of making TH*MAP2* neurons. We
did not identify the TH- population in our cultures; however others have identified them as serotonergic neurons
and other non-specific neurons?.

Discussion

In this report, we have shown the utility of the intracellular labelling approach in identifying
surface markers for live cell purification. Using mDA NPCs as a therapeutically relevant example, we
demonstrated that CXCR4 CORINTCD166™ cells from in vitro differentiated human iPSCs are enriched for mDA
NPCs which further differentiate into mDA neurons in vitro. Knowledge of cell surface marker profiles of mDA
cells have immediate applicability. Previous Parkinson’s disease clinical trials with fetal midbrain transplantation
showed variable results with some patients suffering side effects such as dyskinesia, thought to have been caused
by contaminating cell types. In this respect, purification of mDA NPCs using our three surface markers would
enhance the possibility of successful transplantation therapy by creating a more homogeneous pool of trans-
plantable cells. This method would also be applicable for identification of surface markers in other neural and
non-neural cell types of clinical or research interest.

Even though previous surface marker discovery studies have either used an unbiased FACS antibody screen-
ing approach?! or used markers that were previously identified in different animal systems'?, these approaches
typically require a genetically-engineered reporter cell line. The primary advantage of our approach is that the
need for reporter lines is eliminated due to the frequent knowledge of intracellular proteins, such as transcription
factors or other cytoplasmic components, that mark target cell populations. The three surface markers we iden-
tified in this study using the MARIS method, CORIN, CD166 and CXCR4, have been previously associated with
mDA cells'>!*?2? and a recent microarray study using Ngn2-GFP mice also showed CORIN and CD166 to be
expressed in mDA NPCs?. These examples show that the MARIS method is a reliable way of identifying putative
cell surface markers.

In conclusion, we have presented an effective method to elucidate the cell surface pro-
teome by MARIS. This has in turn led to the discovery of a unique surface marker combination,
CXCR4 CORIN'CD166%, that can be used for mDA NPC purification. This led to the production of a more
homogeneous population of mDA NPCs even from iPSC lines that differentiate poorly that can be used for sub-
sequent transplantation experiments. Even though we are not able to identify the type of neuron the TH™ pool
represents, the enhanced purity of the mDA neurons lends itself to the preparation of in vitro assays where the
mDA neuron population is the target. While we have not assessed the ability of these sorted cells to differentiate
or engraft upon animal transplantation, the successful in vitro differentiation shows they are more capable at gen-
erating TH™ cells than are unsorted cells. It is also reasonable to assume that once implanted, the percentage of
TH™ neurons from our sorted cultures will be increased through interactions with the midbrain niche. We believe
the combination of the three surface markers will highly enrich the mDA neurons derived from human iPSCs,
remove uncommitted pluripotent cells, and thus would eliminate the contaminating cells during the future cell
transplantation therapy for PD patients.

Methods
CulturingiPSCs. BJ-RiPS, 18a, 1016A and 15b cell lines were cultured on Matrigel coated-plates with mTeSR
media as described previously**.

In vitro differentiation of iPSCs to mDA neurons. iPSCs were dissociated with Accutase and resus-
pended in neural induction medium containing DMEM/F12, Neurobasal, N2, B27 without vitamin A,
Dorsomorphin (1 uM), Purmorphamine (1 uM), SAG 1.3 (1 uM), SB431542 (10 uM), and CHIR99021 (0.5 uM).
Cells were then grown in suspension using ultra non-attachment plates. On day 14, cells were switched into neu-
ral differentiation medium containing DMEM/F12, Neurobasal, N2, B27 without vitamin A, BDNF (20 ng/ml),
GDNF (20 ng/ml), Ascorbic Acid (200 uM), dibutryl-cAMP (0.5 mM), and DAPT (2.5 uM). On day 21, cells were
plated on Matrigel-coated plates, and the medium was switched to terminal differentiation medium containing
DMEM/F12, Neurobasal, N2, B27 without vitamin A, BDNE GDNE, Ascorbic Acid, dibutryl-cAMP, and Ara-C
(1 uM) until the final dissociation.

For the microarray, the LMX1"FOXA2" cells were produced as described above, collecting the cells at day
14. For the LMX1'FOXA?2 control cells, the neural induction medium only contained the dual SMAD inhibitors
Dorsomorphin (1 uM) and SB431542 (10 uM) and the cells were also collected at day 14.

Antibodies. OTX2 (Abcam cat# ab21990 1:500), LMX1 (Millipore cat# AB10533 1:3000), FOXA2 (Santa
Cruz cat# 6554 1:500), TH (Pelfreeze cat# P40101-1 1:1000), GIRK2 (Alomone cat# APC-006 1:100), and
MAP2 (Abcam cat# ab11267 1:500) were used for immunostaining following fixation. CORIN (R&D cat#
MAB2209, 1:250), CD166 (BD cat# 559263, 1:100), and CXCR4 (BD cat# 555976, 1:200), BCAM (R&D cat#
FAB1481P, 1:100), CD63 (Abcam cat# ab18235, 1:100), CD47 (Abcam cat# ab134484, 1:100), SORT1 (Bioss cat#
bs-6329R-Cy3, 1:100) were used for FACS.

Dopamine ELISA. Dopamine ELISA was performed on 48 hour conditioned medium obtained from day
42-50 iPSC-derived neurons following the product guideline (Alpco).
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Electrophysiology. Human 18a iPSC-derived neurons were seeded on coverslips in 24-well plates (200,000
cells per well) and co-cultured with mouse cortical astrocytes (CD-1, Charles River Laboratories) for 1 month.
Whole-cell patch clamp recordings were performed using a Multiclamp 700B amplifier and a Digidata 1550
Digitizer (Molecular Devices). Data were collected using pClamp 10 software (Molecular Devices, Sunnyvale,
CA), sampled at 10kHz, and filtered at 1 kHz. External solution contained (in mM): 128 NaCl, 30 glucose, 25
HEPES, 5 KCl, 2 CaCl,, and 1 MgCl, (pH 7.3). Patch pipettes were pulled from borosilicate glass using a P-1000
Micropipette Puller (Sutter Instrument). Pipette solution contained (in mM): 147 KCl, 5 Na,-phosphocreatine, 2
EGTA, 10 HEPES, and 2 MgATP, 0.3 Na2GTP (pH 7.3). The series resistance was typically 10-20 MQ. To record
voltage-dependent Nat and K* currents, the membrane potential was depolarized from —60 mV to 50mV in
10mV increments with a holding potential of —70 mV. Leak current was subtracted using an online P/8 protocol.
Spontaneous action potentials were recorded without current injection under current-clamp mode.

FACS. All FACS experiments were run on a MoFlo Astrios instrument and the data was analysed using the
FlowJo software.

MARIS and Microarray. Whole RNA was extracted from LMX1*FOXA2* and LMX1 FOXA2" day 14 18a
cells using a modification of the MARIS method, as previously established by our laboratory®!?. Day 14 cells
were dissociated to single cells using Accutase and washed with PBS. Next, the cell pellet was resuspended in
fresh 4% paraformaldehyde (made in RNAse-free PBS) at a concentration of 1 mL per 5 x 10° cells and incubated
at room temperature for 15 minutes. The fixed cells were then pelleted and washed with RNAse-free PBS. The
washed pellet was then resuspended in perm/block buffer (0.5% saponin, 1% BSA, 200 U/mL Superase.In RNAse
inhibitor (Life Technologies cat# AM2696), in RNAse-free PBS), in the same volume as used for fixation, with
primary antibody and incubated at room temperature for two hours with occasional mixing. The cells were then
pelleted and washed twice with RNAse-free PBS. Secondary antibody was added in the same perm/block buffer
and incubated in the dark, at room temperature, for 45 minutes. Next, the cells were washed with RNAse-free PBS
and then resuspended in PBS with Superase.In (200 U/mL). The cells were then filtered through a 45 um filter and
placed on ice in preparation for FACS.

FACS sorted cells were collected in PBS with Superase.In (500 U/mL). Collected cells were then pelleted and
the top layer of supernatant was removed leaving ~250 uL in the tube. To this, 10 uL of Proteinase K (RNAse free,
Life Technologies cat# 25530049) was added to each tube and vortexed. The digestion was incubated at 50 °C for
50 minutes. After digestion, 500 uL of Trizol was added to the tubes and they were stored at —80 °C until further
processed.

RNA was extracted from the Trizol suspension using chloroform and isopropanol and DNA was digested
using DNAse (Life Technologies cat# 18068015) following the manufacturer’s protocol. After Trizol extraction,
RNA was processed according to Affymetrix guidelines and hybridized onto Gene Chip Human 2.0 ST arrays.

For the microarray, samples of 18a NPC were made in biological triplicate. The Affymetrix Transcriptome
Analysis Console was used to do the differential expression analysis. Using a corrected False Discovery Rate
(FDR) of 0.05 and a fold change of more than 2 over the LMX1/FOXA2" sample resulted in 530 differentially
expressed genes. The full gene list can be found in the supplementary materials and the dataset can be accessed in
the NCBI GEO repository (accession number GSE99139).

Surface Marker Live FACS. Cells were first dissociated to single cells using Accutase and DNAse (1U/ul)
through incubation at 37 °C for 15 minutes. Cells were then resuspended in FACS buffer (5% FBS in PBS), filtered
through a 45 pm filter, and incubated with the rata CORIN primary antibody for 30 minutes. The cells were then
washed with FACS buffer and spun down. The pellet was resuspended in FACS buffer with the arat-Alexa488
secondary antibody, CD166-PE, CXCR4-APC and incubated for another 30 minutes on ice. The cells were then
washed with FACS buffer and pelleted. Lastly, the cells were resuspended in FACS buffer and filtered right before
FACS sorting.

For in vitro differentiation post sorting, the cells were resuspended in differentiation media with rock inhibitor
at 300,000 cells/mL and allowed to re-aggregate in suspension using non-adherent plates.

Data availability. The microarray dataset generated and/or analysed during the current study is available
in the NCBI GEO repository (accession number GSE99139). https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE99139.

References

1. Barker, R. A., Barrett, J., Mason, S. L. & Bjorklund, A. Fetal dopaminergic transplantation trials and the future of neural grafting in
Parkinson’s disease. Lancet Neurol 12, 84-91 (2013).

2. Kriks, S. et al. Dopamine neurons derived from human ES cells efficiently engraft in animal models of Parkinson’s disease. Nature
480, 547-551 (2011).

3. Kirkeby, A. et al. Generation of regionally specified neural progenitors and functional neurons from human embryonic stem cells
under defined conditions. Cell Rep 1,703-714 (2012).

4. Hu, B. Y. et al. Neural differentiation of human induced pluripotent stem cells follows developmental principles but with variable
potency. Proc Natl Acad Sci USA 107, 4335-4340 (2010).

5. Lee, S.-H., Lumelsky, N., Studer, L., Auerbach, J. M. & McKay, R. D. Efficient generation of midbrain and hindbrain neurons from
mouse embryonic stem cells. Nat Biotech 18, 675-679 (2000).

6. Ryan, S. D. et al. Isogenic Human iPSC Parkinson’s Model Shows Nitrosative Stress-Induced Dysfunction in MEF2-PGCla
Transcription. Cell 155, 1351-1364 (2013).

7. Jiang, H. et al. Parkin controls dopamine utilization in human midbrain dopaminergic neurons derived from induced pluripotent
stem cells. Nat Commun 3, 668 (2012).

8. Kriks, S. et al. Dopamine neurons derived from human ES cells efficiently engraft in animal models of Parkinson/‘s disease. Nature
480, 547-551 (2011).

SCIENTIFICREPORTS| (2018) 8:804 | DOI:10.1038/s41598-018-19291-4 7


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99139
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE99139

www.nature.com/scientificreports/

9. Ng, S. Y. et al. Genome-wide RNA-Seq of Human Motor Neurons Implicates Selective ER Stress Activation in Spinal Muscular

Atrophy. Cell Stem Cell 17, 569-584 (2015).

10. Hrvatin, S., Deng, ., O’Donnell, C. W, Gifford, D. K. & Melton, D. A. MARIS: method for analyzing RNA following intracellular
sorting. PLoS One 9, (2014).

11. Ashburner, M. et al. Gene ontology: tool for the unification of biology. The Gene Ontology Consortium. Nat Genet 25, 25-29 (2000).

12. Doi, D. et al. Isolation of human induced pluripotent stem cell-derived dopaminergic progenitors by cell sorting for successful
transplantation. Stem Cell Reports 2, 337-350 (2014).

13. Lehnen, D. et al. IAP-Based Cell Sorting Results in Homogeneous Transplantable Dopaminergic Precursor Cells Derived from
Human Pluripotent Stem Cells. Stem Cell Reports 9, 1207-1220 (2017).

14. Chung, S. et al. ES cell-derived renewable and functional midbrain dopaminergic progenitors. Proc Natl Acad Sci USA 108,
9703-9708 (2011).

15. Bodea, G. O. et al. Reelin and CXCLI12 regulate distinct migratory behaviors during the development of the dopaminergic system.
Development 141, 661 (2014).

16. Yang, S. et al. Cxcl12/Cxcr4 signaling controls the migration and process orientation of A9-A10 dopaminergic neurons. Development
140, 4554 (2013).

17. Boulting, G. L. et al. A functionally characterized test set of human induced pluripotent stem cells. Nat Biotechnol 29, 279-286
(2011).

18. Noggle, S. et al. Human oocytes reprogram somatic cells to a pluripotent state. Nature 478,70-75 (2011).

19. Warren, L. et al. Highly efficient reprogramming to pluripotency and directed differentiation of human cells with synthetic modified
mRNA. Cell Stem Cell 7, 618-630 (2010).

20. Maria, S. et al. Improved cell therapy protocol for Parkinson’s disease based on differentiation efficiency and safety of hESC-, hiPSC
and non-human primate iPSC-derived DA neurons. Stem Cells 31, 1548-1562 (2013).

21. Pruszak, J., Ludwig, W,, Blak, A., Alavian, K. & Isacson, O. CD15, CD24, and CD29 define a surface biomarker code for neural
lineage differentiation of stem cells. Stem Cells 27, 2928-2940 (2009).

22. Yang, J. et al. Dynamic temporal requirement of Wnt1 in midbrain dopamine neuron development. Development 140, 1342-1352
(2013).

23. Bye, C. R, Jonsson, M. E., Bjorklund, A., Parish, C. L. & Thompson, L. H. Transcriptome analysis reveals transmembrane targets on
transplantable midbrain dopamine progenitors. Proc Natl Acad Sci USA 112, E1946-1955 (2015).

24. Ludwig, T. & J, A. T. Defined, feeder-independent medium for human embryonic stem cell culture. Curr Protoc Stem Cell Biol
Chapter 1, Unit1C 2, (2007).

Acknowledgements

We would like to acknowledge the members of the Rubin laboratory for helpful discussions. We thank Joyce
LaVecchio, Girijesh Bruzula and Silvia Ionescu at the SCRB flow cytometry core for their technical support.
We would also like to thank Michele Clamp and Jennifer Couget for the microarray analysis. This work was
supported by Vertex Pharmaceuticals and by a generous gift to the Harvard Stem Cell Institute from the Elizabeth
Miller fund.

Author Contributions

E.J.P, SN, A.L.O,, and L.L.R. designed the studies, analysed the data, and wrote the manuscript. E.J.P, S.N.,
and A.L.O. cultured and differentiated IPSC. E.J.P. and S.N. optimized differentiation and FACS conditions. S.N.
extracted RNA (MARIS protocol) while E.J.P,, S.N., and A.L.O. completed the microarray. JPCR was performed
by A.O. and S.N. C.S. performed the electrophysiology experiments. All revisions were done by A.L.O. and L.L.R.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19291-4.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:804 | DOI:10.1038/s41598-018-19291-4 8


http://dx.doi.org/10.1038/s41598-018-19291-4
http://creativecommons.org/licenses/by/4.0/

	Using intracellular markers to identify a novel set of surface markers for live cell purification from a heterogeneous hIPS ...
	Results

	Midbrain dopaminergic neurons are efficiently generated in suspension culture. 
	Identification of putative mDA NPC – specific surface markers. 
	FACS antibody screening identifies a specific surface marker code for mDA NPCs. 

	Discussion

	In this report, we have shown the utility of the intracellular labelling approach in identifying surface markers for live c ...
	In conclusion, we have presented an effective method to elucidate the cell surface proteome by MARIS. 

	Methods

	Culturing iPSCs. 
	In vitro differentiation of iPSCs to mDA neurons. 
	Antibodies. 
	Dopamine ELISA. 
	Electrophysiology. 
	FACS. 
	MARIS and Microarray. 
	Surface Marker Live FACS. 
	Data availability. 

	Acknowledgements

	Figure 1 mDA differentiation protocol yields mDA NPCs at day 14 and mDA neurons at day 42.
	Figure 2 Identification of putative surface markers of mDA NPCs.
	Figure 3 The use of CXCR4-CORIN+CD166+ markers for enrichment of mDA NPCs.




